Pt-Ni based alloy nanoparticles are promising candidates as electrocatalysts for the oxygen reduction reaction (ORR) in cathode layers of fuel cells. [1] [2] [3] [4] More specifically, octahedral shaped Pt-Ni nanoparticles have attracted much attention because they exhibit catalytically highly active {111}-oriented facets. [5] [6] [7] [8] A number of different synthesis methods were reported, often including long-chain organic ligands and capping agents, which, on one hand, allow a careful tuning of particle size, shape, distribution, and composition, but on the other hand require elaborate and often tricky post-synthesis treatments. [9] [10] [11] [12] To generate clean and reactive particle surfaces washing with organic solvents, acid/base treatments and thermal annealing have been described. 7, [13] [14] [15] [16] [17] [18] In addition, to a particle surface cleaning, these treatments tune and change the particles' surface and sub-surface compositions and therefore strongly influence the interfacial catalysis.
In a previous study, a series of thermally annealed Pt-Ni octahedral particles were prepared and characterized in terms of their shape evolution and changes in degree of alloying during heating. 18 In the present study, we systematically investigate the impact of combined acid leaching/annealing treatments on the catalytic ORR activity and corresponding electrochemical stabilities of the alloy ORR catalysts. More specifically, the impact of acetic acid treatment coupled to an annealing protocol will be investigated in terms of ORR activity after activation and 4k cycles stability measurement. Electrochemical CO oxidation voltammetry is used as a probe in order to analyze the nanoparticle surface characteristics. We derive valuable information in terms of their catalytic behavior, surface and sub-surface condition and Pt versus Ni enrichment in the surface from that.
Experimental
Synthesis of Pt-Ni/C oct 9,18 .-Pt-Ni/C octahedral nanoparticles were prepared by adding Pt(acac) 2 (0.407 mmol, Pt 48% min., Alfa Aesar), Ni(acac) 2 (0.934 mmol, 95.0%, Alfa Aesar), OAm (48 mL, 98.0%, Sigma Aldrich) and OAc (32 mL, 90%, Alfa Aesar) into a 100 ml three-neck-flask under reflux. After stirring for 5 minutes under nitrogen (N 2 ) atmosphere at 60
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130
• C. At this temperature W(CO) 6 (1.591 mmol, 97.0%, Alfa Aesar) was added rapidly, N 2 purging was stopped and the reaction mixture was heated to 230
• C and then stirred for 50 minutes. After the reaction mixture was cooled down to room temperature toluene (20 mL, 99.8%, Roth) and ethanol (60 ml, 100%, VWR Chemicals) were added. The supernatant was removed by centrifugation (7800 rpm for 15 min) and dispersed in toluene (20 mL). The dispersion was added to a dispersion of Vulcan XC 72R (160 mg) in toluene (20 mL) and sonicated with an ultrasonic horn for 30 min. Ethanol (10 mL) was added and the catalyst was centrifuged (7800 rpm for 15 min), washed with ethanol (30 mL) three times, and freeze dried for 12 h.
Acetic acid leaching and annealing of Pt-Ni/C oct.-The synthesized powder was boiled in acetic acid (50 mL, ≥ 99.0%, Sigma Aldrich) at 60
• C for 30 minutes and subsequently washed with ethanol (30 mL) three times. After freeze drying for 12 h the powders were heated to 180
• C at a rate of 10 K min −1 in a tube furnace in synthetic air atmosphere and left for 30 min. After purging with N 2 for 30 min, the atmosphere was changed to hydrogen (4%/Ar) and the temperature was raised at a rate of 10 K min −1 to 300 • C (HAc_300) or to 500
• C (HAc_500) and left for 1 h. Afterwards it was allowed to cool to room temperature in N 2 .
Physico-chemical characterization.-X-ray diffraction (XRD) patterns were collected on a Bruker D8 Advance (Siemens KFL Cu 2 K X-ray tube and Lynx Eye detector) diffractometer in Bragg Brentano geometry using a Cu Kα1. The patterns were recorded between 20-80
• with a step size of 0.05
• and a 10 s measurement time at each step. Inductively coupled plasma analysis (ICP OES) (Varian) was used to determine the elemental composition of the synthesized particles. The selected wavelengths for the concentration determination were reported previously. 18, 19 Transmission electron microscopy (TEM) was performed using a FEI Tecnai G2 20 S-TWIN with LaB 6 -cathode, 200 kV accelerating voltage and a resolution limit of 0.24 nm. Powder samples were dispersed on a 200 mesh Cu grid.
For electrochemical characterization a three electrode setup was used. The preparation of the ink and the electrode and the electrochemical setup were described before.
18, 19 The electrochemical activation was performed in 0.1 HClO 4 via potential cycling (0.05-1.0 V RHE with −1 for 20 cycles) under N 2 protected atmosphere. The H upd based electrochemical active surface area (ECSA) was evaluated using the last cycle before the activity measurements. The charge values (Q H ) were calculated by integrating the respective cyclic voltammogram (CV) between 0.05 and 0.4 V and were normalized with respect to the theoretical value of Q H theo = 210 μC cm −2 . For CO oxidation, the electrolyte was saturated with N 2 for 15 min. Afterwards the working electrode was lowered into the electrolyte at 0.05 V RHE with 400 rpm rotation speed. Then, the gas was switched to CO for 10 minutes followed by a gas change to N 2 again. Three CVs were recorded (0.05-1.0 V RHE with 50 mV s −1 , 0 rpm). To determine the CO-based electrochemical active surface area, the voltammogram after the CO strip was subtracted from the CO-stripping voltammogram. The positive area of the resulting peak was integrated to obtain the CO charge value (Q CO ). The measured Q CO value was normalized with respect to the theoretical value of Q CO theo = 420 μC cm −2 . The catalytic activity was measured by linear sweep voltammetry in oxygen saturated electrolyte (0.05-1.0 V RHE with 5 mV s −1 , 1600 rpm). The kinetic currents were calculated using Equation 1.
(j: measured current density at 0.9 V, j d : diffusion limited current area, j k : calculated kinetic current density) All presented current densities are iR corrected, where the uncompensated ohmic resistance (R) was determined by potential electrochemical impedance spectroscopy (PEIS) at 0.4 V RHE .
Stability measurements were performed via potential cycling (0.05-1.0 V RHE with 50 mV s −1 ,0 rpm) in N 2 sat. 0.1 M HClO 4 . Before, and after stability protocol three cyclic voltammograms (0.05 -1.0 V RHE with 100 mV s −1 , 0 rpm) were recorded. Reported error bars are presenting the standard deviation between at least three different and independent measurements of freshly prepared catalyst films.
Results and Discussion
The Pt-Ni/C catalysts were prepared using a wet chemical synthesis approach including OAm and OAc as surfactants and W(CO) 6 as reducing agent. The as-prepared Pt-Ni/C particles underwent different post-synthesis treatments: first, treatment in acetic acid (HAc) in order to i) remove organic surfactants and ii) leach and deplete the surface in Ni. After the acetic acid leaching, the particles were exposed to an annealing procedure reported previously. 18 The particles were first annealed in synthetic air for 30 minutes, followed by a reduction step for 1 h in a hydrogen atmosphere at two different temperatures, namely 300
• C (HAc_300) and 500
• C (HAc_500) ( Figure 1A ). The molar metal composition of the as-prepared Pt-Ni/C sample was Pt 33 Ni 67 , that of the HAc-treated catalyst Pt 70 Ni 30 and Pt 72 Ni 28 for HAc_300 and HAc_500, respectively.
Acid leaching had a significant effect on the long-range crystal structure and the corresponding XRD patterns ( Figure 1B ). Prior to HAc leaching a separate Ni phase is clearly present at Bragg angles of around 44
• , 52
• and 76
• , which disappeared completely after leaching (HAc). A Pt-enrichment of the Pt-Ni alloy phase after leaching is evidenced by the reflections at 2θ values of around 41
• , 47
• and 69
• , which are located between the fcc reflections of pure Pt and pure Ni, and slightly shifted to lower 2θ values in comparison to the as-prepared samples. Detailed Rietveld refinement suggested two distinct Pt-Ni phases for the HAc treated samples, further supporting the removal of the Ni phase. In comparison to the previously reported series of samples, 18 where we found a Ni-rich phase besides main Pt-Ni phase, no additional Ni-rich phase was present after the leaching procedure, and the experimental crystalline lattice constants were slightly larger, indicating some Ni leaching from the main Ptrich Pt-Ni phases 18 (Table S1 and 2, Figure S1 ). Interestingly, once the HAc treatment was applied, the annealing temperature itself had only a minor influence on the resulting crystallite size; it was only the alloy phase composition that changed after the combined HAc leaching/ 500
• C annealing (Table S2) . TEM images revealed intact octahedral shape for the HAc sample with an average edge length of 8.2 ± 1.2 nm ( Figure 1C and Figure S2 ), which is in the same order of magnitude as before HAc treatment (8.4 ± 1.1 nm) 18 ( Figure S2 ). For HAc_300 ( Figure 1D and Figure S2 ), octahedral edges are mostly rounded off, which is in contrast to our previous study without the preceding HAc treatment; there, the octahedral shape was retained and stable after the 300
• C treatment. 18 After annealing at 500
• C, the octahedral particle shape was almost completely lost, and particles in close proximity coalesced ( Figure 1E and Figure S2 ). It is important to note that the acetic acid treatment itself did not change the original octahedral shape (Figure S2 ), but did induce corrosive defects in the particle surface, which promoted a loss in shape during subsequent heat-treatment.
To investigate the effect of the combined acetic acid/annealing treatment on the surface properties of the catalysts and their catalytic ORR performance, the three materials were investigated in a threeelectrode rotating disc electrode setup. Figures 2A-2C show the cyclic voltammetry in oxygen-free conditions normalized to the amount of Pt on the electrode. This analysis reveals the surface electrochemical faradaic and capacitive behavior of the catalyst surface in absence of catalytic reactants. Hydrogen under potential deposition (H upd ) regions are well-developed for HAc ( Figure 2A ) and HAc_300 ( Figure 2B ) in the initial as well as in the activated state; they indicate the presence of Pt atoms and domains at the particle surface. Characteristic redox waves at around 0.2, 0.3 and 0.4 V RHE sharpen with progressing electrochemical cycling up to 4k cycles, suggesting the faceting of the Pt-rich surface. 17, 20 For HAc_500, the H upd region is only weakly developed in the initial state and after activation, indicating a rather Ni-rich surface ( Figure 2C ) due to a more homogeneous alloy surface (Pt and Ni distribution) after annealing at high temperature. 18 After 4k cycles, similar H upd features like for HAc and HAc_300 can be observed, now suggesting a Pt-richer surface due to metal dissolution.
To learn more about the surface characteristics, electrochemical CO oxidation was used ( Figures 2D-2F ). The CO stripping profiles of all three materials showed a main CO oxidation peak at around 0.7 V RHE , whereas the development of the main peak position was different within the materials with prolonging cycle number. Generally, the position of the main CO stripping is influenced by the adsorption strength of CO to the particle surface. A shift to higher potentials was caused by stronger adsorption energies of CO and can be interpreted as a Pt enrichment of the nanoparticle surface. HAc exhibited a more anodic peak potential after activation, compared to the initial and the after 4k stability state ( Figure 2D ). HAc_300 showed a more anodic peak potential after activation, which remained constant after 4k potential cycles. Importantly, an additional shoulder at around 0.8 V RHE appeared after 4k cycles, suggesting the emergence of a new surface site or facet with somewhat stronger CO binding. For HAc_500, the position of the main CO oxidation peak shifted to higher potential after 4k cycles, indicating again the formation of a Pt-enriched particle surface, probably due to Ni-leaching from the more homogeneous alloy surface.
From the electrochemical surface voltammetries of hydrogen and CO, the electrochemical active surface areas (ECSAs) were determined. Figure 3A shows the numbers for the ECSA obtained by integrating the charges associated with hydrogen under potential deposition (H upd ) and CO oxidation normalized to the respective charge densities. All three catalysts exhibited a similar H upd ECSA in their initial state and after activation ( Figure 3A , solid bars, dark and medium colored) while after 4k cycles ( Figure 3A , solid bars, lighter colored) the one for HAc_300 stays constant in comparison to the ones of HAc and HAc_500 which slightly increase (see also Figure 3B ). In contrast, CO stripping revealed larger ECSA values, which was expected for Ptalloy based systems, but they also showed a quite different trajectory after 4k cycles stability ( Figure 3A , hatched bars). HAc and HAc_500 values decreased or stayed constant within the error compared to the activated state. HAc_300, however, which showed constant ECSA values based on H upd , showed a drastic increase in ECSA value after 4k cycles (see also Figure 3B ). This observation suggest the formation of an additional surface side, which do not adsorb hydrogen but CO and OH species.
It has been reported, that the charge ratio of Hupd to CO, Q CO /2Q Hupd , may have some qualitative predictive power as to the surface / sub-surface Pt-to-Ni composition. 21 Q CO /2Q Hupd values close to 1.0 were reported to suggest a pure Pt or Pt-rich surface, a thick Pt shell or a uniform distribution of Pt and Ni. Values closer to 1.5 suggest a Pt-skin type surface, where a Pt rich top layer is supported by a Ni-richer second atomic layer.
HAc exhibited a charge ratio value of 1.29 and likely represents a situation with a thin Pt surface shell-like structure, probably caused by the acetic acid treatment ( Figure 3A , numbers between the bars). After activation and 4k cycles the charge ratio values decreased progressively, consistent with a thickening of the Pt shell or the formation of a more homogeneous surface alloy. The formation of a thicker Pt shell is rather likely, due to the peak developments discussed in the cyclic voltammograms obtained in N 2 protected atmosphere.
HAc_300 behaves quite differently, after activation the Q CO /2Q Hupd value decreased from 1.26 to 1.18, but increased again after 4k cycles to 1.49. This is consistent with the notion of an initial thickening of the Pt shell, as it also have been observed for HAc. The subsequent increases, on the other hand, suggesting a more "Pt-skin" type particle surface composition, is likely caused by Ni atomic segregation into the sub-monolayer regions during annealing at 300
• C in H 2 . 13, 18, 22, 23 This advanced structure is also suggested by the additional peak occurrence in the CO stripping voltammograms and has been observed in a similar set of samples before. 18 HAc_500, finally, showed a large initial charge ratio value of 1.70 indicating a defect Ni-rich surface, in line with the weak H upd features shown in Figure 2C . With subsequent electrochemical potential cycling, these charge ratio values decreased again due to strong Ni leaching, now creating a thick Pt-enriched surface, which also is supported by the cyclic voltammograms in N 2 atmospheres discussed above and the increase in the CO stripping peak potential. Figure 4 illustrates the experimentally observed surface and subsurface conditions of the discussed materials based on our combined analyses of cyclic voltammograms, CO stripping voltammograms and Q CO /2Q Hupd values.
Comparing the values among the samples in the initial stages, HAc probably exhibited a pronounced Pt shell, while HAc_500 was Ni-rich in its surface. Thus, a temperature treatment significantly changes the surface composition, even of relatively Pt-rich surfaces, by creating more homogeneous surface alloys. This effect starts to emerge at temperature above 300
• C, because the HAc_300 sample exhibits a mostly Pt enriched surface. Annealing at 300
• C under the chosen conditions seems to have a comparable effect on the particle surface like the activated HAc as both exhibit the same Q CO /2Q Hupd value. The initial conditions of the surfaces have a high influence on the surface changes during electrochemical cycling. HAc sample only showed a thickening of the Pt shell with increasing number of electrochemical cycles, which was also happening to HAc_500 even though the initial state was much more Ni-rich. A thickening of the Pt shell was also happening to HAc_300 after activation, but after 4k cycles the particle surface was changing in a different way according to the additional shoulder in the CO stripping profile ( Figure 2E ) and the Q CO /2Q Hupd values ( Figure 3A) . The presence of a Pt-skin like structure, supported by the Q CO /2Q Hupd value of 1.49, also offers a reasonable explanation for the emergence of the additional CO profile shoulder, which was indeed reported for Pt-skin like surface in single crystals. 21 To correlate the detailed surface compositional changes with the resulting experimental oxygen reduction reaction (ORR) activities, linear sweep voltammetry in oxygen saturated electrolyte was used, and the Pt-mass based current densities were determined ( Figure 3C ). HAc_300 showed the highest ORR activity after activation and after 4k cycles stability test, with no activity drop after 4k cycles (drop is within the error). After activation HAc showed a slightly lower activity than HAc_300 and a small drop in activity after 4k stability. HAc_500, which overall showed the smallest ORR activity was stable after 4k cycles, which was likely due to the loss in octahedral shape. In general, all measured ORR activities are in the same order of magnitude. In comparison to ORR activities usually reported for octahedral Pt-Ni nanoparticles, our observed ones are rather low, possibly due to the formation of a more defect particle surface induced by leaching and annealing. Nevertheless, HAc_300 exhibits the highest ORR activity and a good electrochemical stability. Thus, annealing at 300
• C after an acetic acid treatment seems to lead to an improved surface and subsurface condition, resulting in slightly higher ORR activities.
Other than in our previous study, annealing had a smaller impact on the resulting ORR activity and stability values when performed on acid leached samples. 18 Without a preceding acid treatment particles are much more sensitive in terms of heat treatments, but in principle the same trends were overserved.
Conclusions
To conclude, in this contribution we have investigated how an initial acid treatment preceding a thermal annealing affects the surface electrochemistry and catalytic ORR activity of shaped Pt-Ni nanoparticles. We conclude that the initial post-synthesis acid treatment generates a Pt-enriched surface on octahedral Pt-Ni nanoparticles. With subsequent annealing at 300
• C, first a more Pt enriched surface was generated before, at high temperatures of 500
• C, we observed a strong migration of Ni to the particles surface, generating a Ni-richer surface. The Pt enriched surface after annealing at 300
• C leads to improved ORR activity and quite good stability. Thus, it appears that the combination of acid leaching followed by annealing leads to surface compositional conditions of the shaped Pt-Ni nanoparticles beneficial for efficient and stable electrocatalytic oxygen reduction performance.
